Objective: To identify determinants visible on magnetic resonance imaging of the brain that explain the subsequent rate of cerebral atrophy in patients with recently diagnosed multiple sclerosis.
M
AGNETIC RESONANCE imaging (MRI) provides valuable information about the in vivo pathological features of multiple sclerosis (MS). Magnetic resonance imaging criteria are currently used to assist in the diagnosis of MS 1 and MRI measures are widely used as a secondary outcome measure in clinical trials. 2 Quantification of MS lesions in number and volume is a popular method to monitor the disease evolution of MS. Lesion quantification is sensitive for monitoring disease evolution but is poorly correlated with clinical disability. 3, 4 Brain volume measurement is currently considered to be a marker of the neurodegenerative component of MS pathological features, thereby better reflecting the pathological background of irreversible clinical disability in MS. 5 Atrophy is considered to mainly reflect axonal damage and demyelination because a large part of brain volume consists of axons and myelin, although glial cells and other elements also contribute to brain volume. 5 Various studies have reported an average rate of brain atrophy of around 0.5% to 0.8% in MS. [6] [7] [8] [9] [10] Brain atrophy has been observed early in the disease course of MS, appears to be similar across subtypes, 9 is predictive of clinical disability at long-term follow-up, 7 and is apparent in white matter as well as gray matter. 11 Cross-sectionally, brain atrophy is related to MRI measures of axonal damage 12 and lesion burden, 13 but this relationship cannot fully explain the extent of acquired brain atrophy.
Knowledge of features that precede the subsequent rate of atrophy may partly elucidate pathophysiological mechanisms behind the development of atrophy and may thus have prognostic value for clinical functioning at long-term follow-up. Better knowledge of factors that predispose to development of atrophy may also have implications for the interpretation of clinical trials that use atrophy rate as an outcome measure. Therefore, the aim of this study was to identify MRI variables at the time of diagnosis that explain the subsequent rate of brain atrophy in patients with MS. Explanatory models for cerebral atrophy rate were constructed using preselected variables that could explain the rate of cerebral atrophy. Whole-brain volume measurement was used because this measure reflects the net resultant effect of destructive processes in MS. Clinical variables were only considered as descriptives and covariates in the eventual regression models.
METHODS

PATIENTS
Eighty-nine patients were selected from a cohort of 133 from an ongoing natural history study of patients with recently diagnosed MS. Forty-four patients were excluded because either the baseline and/or follow-up MRI was not available or because a pregadolinium T1-weighted sequence was not available, which is obligatory for our current protocol for brain volume analysis. Patients were included at the time of diagnosis from our outpatient clinic at the MS center Amsterdam at the VU University Medical Center. Multiple sclerosis was diagnosed according to the Poser criteria.
14 Patients were classified into 2 groups according to disease course: relapse-onset and progressive-onset MS (onset type). Decisions to start disease-modifying therapy (DMT) were made by the treating neurologist according to guidelines for standard clinical practice and in dialogue with the patient. Informed consent was obtained from all participating patients and our local ethics committee approved the study.
Patients underwent assessment of disability using the Expanded Disability Status Scale (EDSS), 15 performed by trained raters. When patients had a relapse, clinical and MRI evaluations were delayed for a minimum of 6 weeks.
MRI ACQUISITION AND ANALYSIS
Magnetic resonance imaging of the brain was performed at baseline and at a median follow-up time of 2.2 years (interquartile range, 2.0 to 2.4 years) on a 1.0-T MRI scanner (Magnetom Impact; Siemens, Erlangen, Germany) and consisted of axial pregadolinium and postgadolinium T1-weighted (repetition time, 700 milliseconds; echo time, 15 milliseconds; 5-mm slice thickness) sequences and T2/proton density-weighted (repetition time, 2700 milliseconds; echo time, 90 milliseconds and 45 milliseconds; 5-mm slice thickness) sequences. Baseline T1 hypointense or black hole lesion load (BHLL) and T2 lesion load (T2LL) were quantified using locally developed, semiautomated seed growing software based on a local thresholding technique after lesion identification by an expert reader. For each patient, presence of contrast-enhancing lesions on the baseline scan was noted.
Baseline normalized brain volume (NBV) and percentage of brain volume change (PBVC) were automatically measured on T1-weighted precontrast images using SIENAX and SIENA, respectively. SIENA and SIENAX are both part of the Fmrib Software Library (http://www.fmrib.ox.ac.uk/fsl/fsl/top.html); a detailed technical description can be found elsewhere. 16 
STATISTICAL ANALYSIS
Annualized PBVC (PBVC/y) was calculated to account for slight differences in follow-up time between scans. Data were checked to see whether their distribution was normal. When distribution was not normal, nonparametric statistical methods were used or, when possible, variables were transformed. Comparisons between study groups were made using either the independent-samples t test or Mann-Whitney U test, as appropriate. Linearity was checked for all variables in relation to PBVC/y, and transformation was applied if a nonlinear relationship was found. T2 lesion load and time between first symptoms and baseline visit, referred to as time since first symptoms (duration), were transformed using the natural log (lnT2LL and natural log duration, respectively). Black hole lesion load was transformed because this variable was not normally distributed and included a considerable amount of zeros. Black hole lesion load was categorized into equal groups of low (n=29 [range, 0.00-0.09 cm Explanatory models for PBVC/y were constructed by forward stepwise multiple linear regression analysis using SPSS statistical software (SPSS version 11; SPSS Inc, Chicago, Ill). In each step of the model construction, the variable with the lowest P value was entered in the regression equation. The process was terminated when the probability of the F statistic dropped lower than 0.5. A first model was constructed using only lesion measures lnT2LL, BHLL group, and presence or absence of contrast-enhancing lesions as independent variables. The second model was constructed using the same lesion measures with NBV considered as an additional independent variable. All models were corrected for age, natural log duration, onset type, sex, and use of DMT at any time during the study.
RESULTS
DESCRIPTIVE FINDINGS
Clinical and MRI characteristics at baseline of the 89 patients included are given in Table 1 . No differences in disease duration, age, EDSS score, or use of DMT were observed between the studied group and the 44 excluded patients.
CORRELATIONS BETWEEN STUDY VARIABLES AND PBVC/y
The atrophy rate in PBVC/y in patients receiving DMT at any time during the study (mean 
MULTIVARIATE MODELS EXPLAINING SUBSEQUENT ATROPHY RATE
In the first model, considering only lesion measures, baseline lnT2LL was the only significant explanatory variable of subsequent PBVC/y. This model ( Table 2) explained 21.3% (adjusted R 2 ) of variance in PBVC/y. In the second model, considering lesion measures and NBV, baseline NBV and lnT2LL were both significant explanatory variables for subsequent PBVC/y. This model (Table 2 ) explained 31.2% (adjusted R 2 ) of variance in PBVC/y. Note that the regression coefficient for lnT2LL in model 2 (with NBV) is substantially lower than in model 1 (without NBV), indicating that NBV and lnT2LL are partly interrelated in explaining variance of PBVC/y.
COMMENT
In this study, we attempted to identify MRI variables that explain the subsequent rate of cerebral atrophy early in the disease course of MS. The annual atrophy rate of 0.9% in this cohort of patients with early MS is very similar to what has been found previously. [6] [7] [8] [9] [10] Previous studies, using different techniques for brain volume measurement, have found that inflammatory lesions and the presence of new T2 lesions are predictive of the subsequent rate of brain atrophy in patients with relapsingremitting MS, 7 secondary progressive MS, 17 and clinically isolated syndrome. 6 These studies were performed on patient data from various clinical trials, using strict inclusion criteria. Patients with clinically isolated syndrome typically had very short disease duration in weeks, without a diagnosis of clinically definite MS. The studies on patients with relapsing-remitting MS and secondary progressive MS typically showed a disease duration of more than 6 years. The cohort in the current study consisted of patients with a recent diagnosis of clinically definite MS in a regular hospital setting, providing a unique view on the broader spectrum of patients with MS early in the disease course.
The main finding in the current study is that baseline T2LL and baseline NBV partly explain subsequent cerebral atrophy rate in a cohort of patients with MS early in the disease course. Lower NBV was a strong explanatory variable of higher cerebral atrophy rate. Crosssectional brain volume can be regarded as a measure of accumulated tissue loss in the preceding years and may therefore reflect patients with a disease phenotype char- Abbreviations: lnT2LL, natural log T2 lesion load; MRI, magnetic resonance imaging; NBV, normalized brain volume; PBVC/y, annualized percentage brain volume change.
*Both models were corrected for age, disease duration, onset type, sex, and use of disease-modifying therapy during study.
acterized by a higher propensity to decline in brain volume, which probably explains our findings. Higher T2LL at baseline explains a higher rate of subsequent brain atrophy. Lesions lead to local and remote tissue damage and therefore may contribute directly or indirectly to cerebral atrophy. There are at least 2 ways to interpret the relation between baseline T2LL and the rate of atrophy found in this study. First, baseline T2LL reflects accumulation of tissue damage due to past disease activity. Patients who have a high T2LL early in the disease course may therefore have a more aggressive disease course leading to a higher rate of cerebral atrophy. Second, part of the T2 lesions may be actively inflicting tissue damage at baseline, which will lead to atrophy at a later point due to local and more remote (for instance, due to Wallerian degeneration) tissue loss at a later stage.
In univariate models, a higher BHLL and the presence of contrast-enhancing lesions were associated with a higher cerebral atrophy rate. These variables did not survive in the eventual regression models, whereas T2LL did. Black hole lesion load partly represents lesions with a high degree of tissue destruction, although crosssectionally T1 hypointensity cannot be differentiated from edematous inflammatory lesions. Contrast enhancement of lesions is a specific finding for lesions exhibiting inflammatory activity. T2-weighted images are very sensitive for detecting lesions but not very specific. T2 lesion load can therefore be regarded as a global measure of lesions with a wide range of destructive properties and inflammatory activity. The reason BHLL and contrast enhancement did not survive in the eventual models is probably because their predictive properties are "taken over by" or "included in" T2LL. This does not exclude that BHLLs and contrast enhancement do have predictive properties. One previous study reported a relationship between change in T1 hypointense lesion load and cerebral atrophy rate concurrently. 18 Some, but not all, studies have shown a relationship between contrastenhancing lesions and subsequent brain atrophy. 7, 10, 17, 19 Our findings suggest that, with regard to lesion measures, baseline T2LL is more relevant for the development of cerebral atrophy in an early stage of MS.
Our model could only explain approximately one third of the variance in atrophy rate, leaving approximately two thirds unexplained. Inevitably, part of the unexplained variance is due to technical limitations of lesion measurement and brain volume assessment. Previous studies using quantitative MRI techniques have shown that diffuse abnormalities are present in the normal-appearing brain tissue. 12, 13 These abnormalities could be a reflection of more diffuse and global destructive processes in the normalappearing brain tissue of patients with MS, contributing to the development of brain atrophy. Thus, it seems likely that part of the remaining variance in atrophy rate is attributable to a more diffuse and subtle destructive process in the normal-appearing brain tissue of patients with MS.
The use of DMT at any time during the 2-year follow-up period was associated with a higher rate of brain atrophy, which supports our strategy to correct all models for DMT. The explanation why patients with DMT have a higher brain atrophy rate is 2-fold. First, DMT is given to patients who show evidence of higher disease activity (based on relapse activity after disease onset and MRI variables), which may lead to a selection bias of patients with a more aggressive disease course associated with a higher rate of brain atrophy despite DMT. Second, start of DMT between the baseline and follow-up MRI could lead to a higher rate of brain atrophy because of resolution of edema.
This study is the first, to our knowledge, to provide longitudinal data on brain atrophy in a relatively unselected cohort of patients with newly diagnosed MS. Patients who have acquired more brain tissue loss and more T2 lesions are prone to have a higher rate of subsequent brain atrophy. In this relationship, the extent of brain tissue loss seemed more important than lesional activity. Because a higher rate of cerebral atrophy is predictive of worse clinical functioning at a later stage in the MS disease course, 7 our findings suggest that these 2 baseline variables could have prognostic value for clinical functioning in early MS. These findings also indicate that T2LL and brain volume should be taken into account when designing and interpreting clinical trials that use cerebral atrophy rate as outcome measure. -358b) . Role of the Sponsor: The funding source did not play any role in design and conduct of the study; collection, management, analysis, and interpretation of the data; and preparation, review, or approval of the manuscript.
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